). The TBP subunit of TFIID recognizes and binds the TATA element of the core promoter in a sequencespecific manner to nucleate PIC assembly. This process is stimulated by TFIIA. TFIIB then enters the complex through interaction with TBP and DNA and creates a 1996; Roeder, 1996) . Conversely, TFIID is also targeted University of Toronto by negative regulators to repress transcription. For inToronto, Ontario M5S 1A8 stance, negative cofactor NC2, also known as the Dr1-Canada DRAP1 complex, binds to TBP-bound promoters and inhibits entry of TFIIA and TFIIB (reviewed in Kaiser and Meisterernst, 1996) .
with the corresponding region of human TAF II250. Secondary structure elements determined in the present study are indicated with yellow boxes for ␣ helices and orange arrows for ␤ strands of the ␤ hairpin. Residues conserved between the human and Drosophila proteins are connected by two dots, and residues involved in the TBP interaction are marked with an asterisk.
hTAF II 250 and dTAF II 230 possess enzymatic activities: core structures will be essentially identical; dTAF II 230 has similar affinities for S. cerevisiae, Drosophila, and a histone acetylase activity (Mizzen et al., 1996) that is also found in some coactivators (for example, Ogryzko human TBPs (T. K. and Y. N., unpublished results); Drosophila TBP expression was poor; and dTAF II 230 11-77 and et al., 1996; Yang et al., 1996) and could be important in transcription activation in the context of chromatin, S. cerevisiae TBP produced a stable complex. The first two of these facts indicate that the Drosophila/S. cereand protein kinase activity (Dikstein et al., 1996) that may be required to direct transcription of some genes visiae complex is physiologically relevant. The 1 H-15 N heteronuclear single quantum coherence in vivo (O'Brien and Tjian, 1998) .
Structural studies of GTFs have contributed greatly (HSQC) spectrum of free TBP displays many broadened peaks (data not shown), presumably due to the formato our understanding of the macromolecular interactions supporting assembly of the transcription PIC. The crystion of a dimer or multimer in solution (Coleman et al., 1995; Perez-Howard et al., 1995) . In contrast, the HSQC tal structures of TBP (Nikolov et al., 1992; Chasman et al., 1993) and the TBP-TATA box complex (Kim et al., spectrum of 15 N-labeled TBP complexed with unlabeled dTAF II 230 11-77 is highly dispersed (Figure 2A ). This is con1993a, 1993b ) revealed a large concave undersurface on TBP formed by a curved, ten-stranded, antiparallel sistent with the gel filtration behavior of the complex that indicates an apparent molecular weight of 28-30 ␤ sheet that makes minor groove and phosphate-ribose contacts with a partially unwound form of the 8 base kDa (data not shown), corresponding to a 1:1 complex of TBP (M r 21.3 kDa) and dTAF II 230 11-77 (M r 6.8 kDa). pair TATA element. Further details of PIC assembly have been revealed by the crystal structures of two ternary Agreement between the observed and expected numbers of backbone NH cross peaks and excellent peak complexes, the TFIIB-TBP-TATA complex (Nikolov et al., 1995; Kosa et al., 1997) and the TFIIA-TBP-TATA dispersion in 1 H-15 N HSQC spectra of 15 N-labeled dTAFII 23011-77 bound to unlabeled TBP ( Figure 2B ) indicate that complex (Geiger et al., 1996; Tan et al., 1996) . We report here the three-dimensional structure in solution of dTAFII23011-77 adopts a single folded conformation. On the other hand, 1 H-
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N HSQC and CD spectra of free the complex comprising residues 11-77 of Drosophila TAF II 230 (hereafter referred to as dTAF II 230 ) and the dTAF II 230 indicate that dTAF II 230 11-77 by itself is largely unfolded ( Figure 2C ). During a titration expericore domain (residues 49-240) of Saccharomyces cerevisiae (S. cerevisiae) TATA-binding protein (hereafter rement in which 1 H-15 N HSQC spectra of dTAF II 230 11-77 were recorded with successive additions of TBP, most peaks ferred to as TBP), representing novel structural information on negative regulation of the transcription initiation corresponding to the unfolded state decrease in intensity and appear at new positions corresponding to the machinery. This study establishes the structural basis for the TBP-dTAF II 230 interaction and provides insights folded state, consistent with the high affinity of dTAF II 230 11-77 for TBP (K d approximately 10 Ϫ9 M). The excellent into the mechanism for negative regulation of transcription within the TFIID multisubunit protein complex, indispersion in the 1 H-15 N HSQC and other NMR spectra of both TBP and dTAFII23011-77 in the binary complex cluding an intriguing observation of protein mimicry of DNA structure.
permitted structure determination of both polypeptides ( Figure 3 and Table 1 ).
Results and Discussion dTAFII23011-77 Structure
In the complex with TBP, dTAF II 230 11-77 adopts an elonStructure Determination We decided to pursue structural analysis of a mixed gated conformation comprising a core domain and a long loop (Figure 3) , with approximate maximal dimenspecies complex (S. cerevisiae TBP and Drosophila TAF) for the following reasons: the TBP core sequence is sions of 40 Å ϫ 12 Å ϫ 24 Å (25 Å ϫ 12 Å ϫ 24 Å if the loop is omitted). The pairwise root-mean-square (rms) highly conserved between species (80% sequence identity between S. cerevisiae and Drosophila), so the TBP deviation of the NMR-derived structures is 0.70 Å for backbone atoms and 1.09 Å for heavy atoms (N-terminal Ile), suggesting that it is structurally significant. Indeed, by virtue of its extended conformation, the LFG motif in residues 11-16 and C-terminal residues 75-77, which are unstructured, were not included in this calculation).
dTAF II 230 11-77 plays a key role in the formation of a large hydrophobic patch (Figure 4 ) that is responsible for the The core domain contains three ␣ helices (␣1, residues 21-24; ␣2, 52-58; ␣3, 64-70) and a ␤ hairpin (residues interaction with TBP. Phe-25 in the LFG motif lies at the center of the extensive hydrophobic patch and makes 27-35), with Ser-30, Glu-31, and Gly-32 forming the hairpin loop. Hydrophobic helix ␣1 lies at the center of the numerous contacts with hydrophobic residues of TBP (see below). In the crystal structure of p27 Kip1 bound to dTAF II 230 11-77 fold (Figure 4 ). The ␤ hairpin packs against helix ␣1 via hydrophobic contacts between Ile-28 and the cyclin A-Cdk2 complex (Russo et al., 1996) , the LFG sequence also assumes a partially extended conformaGly-22 and Ile-23. The hairpin loop region contacts Leu-18 to the N-terminal side of helix ␣1, and Leu-34 contacts tion and binds a shallow hydrophobic groove of cyclin A. The LFG motif is probably adopted to provide an Phe-25 just C-terminal of helix ␣1. Hydrophobic contacts between helices ␣1 and ␣3 are made by Thr-21 exposed hydrophobic cluster available for interaction with a partner protein. and Leu-24 with Leu-64 and Leu-68. These are supplemented by Other residues involved in the exposed hydrophobic patch include Ile-28 (␤ hairpin), Leu-34 (␤ hairpin), PheIle-72. Gly-22 in helix ␣1 makes hydrophobic contacts with Ile-56 at the center of helix ␣2. Conservation of 48, Leu-52 (helix ␣2), Ile-56 (helix ␣2), Leu-59, and Leu-64 (helix ␣3). The hydrophobic patch also includes an amino acid sequence (34% identity and 66% similarity) between the N-terminal TBP-binding regions of interlocking zipper-like arrangement between and hTAF II 250 (residues 28-87) suggests that this region of hTAF II 250 adopts a simi-68 ( Figure 4 ). The ␤-hairpin sheet is arranged such that the polar and charged side chains of Asn-27 and lar fold to dTAFII230 when complexed with TBP. A search of the Protein Data Bank using the DALI (Holm and Asp-29 lie on the same molecular face as the hydrophobic patch. Consequently, with respect to the central Sander, 1993) and SSAP (Orengo et al., 1992) algorithms for protein structures similar to that of dTAFII23011-77 helix ␣1, one side of the hydrophobic patch is more hydrophilic than the other side. The significance of this identified no structures with a Z score greater than 0.7 (DALI) or a score above 77 (SSAP).
asymmetry is discussed in the TBP-dTAFII230 Interface section. dTAF contains the sequence LFG between helix ␣1 and the ␤ hairpin (residues 24-26). Such a sequence is found in all members of the Kip/Cip family of
TBP Structure
The solution structure of TBP bound to dTAF II 230 11-77 is cyclin-dependent kinase inhibitors (Russo et al., 1996) . The LFG motif is also conserved between hTAF II 250 and essentially identical to the saddle-like crystal structure of TBP in the TBP-DNA binary complex (Kim et al., dTAF II 230 ( Figure 1B ) (in yTAF II 145, Leu is replaced by . These figures were generated using Ribbons (Carson, 1991 (Carson, ). 1993a (Carson, , 1993b . The atomic rms difference between S.
backbone atoms of residues 64-236 are superimposed. The corresponding rms difference between the dTAF II cerevisiae TBP in complex with dTAF II 230 and with the TATA element (Kim et al., 1993a ) is 1.4 Ϯ 0.2 Å when 230 11-77 -bound and free TBP (Chasman et al., 1993) a The number of each type of restraint used in the structure calculation is given in parentheses. The number of TBP restraints is given first, followed by the number of dTAF II 230 11-77 restraints. None of the structures exhibit distance violations greater than 0.50 Å or dihedral angle violations greater than 5Њ. b F NOE and F cdih were calculated using force constants of 50 kcal mol Ϫ1 Å Ϫ2 and 200 kcal mol Ϫ1 rad Ϫ2 , respectively. c F repel was calculated using a final value of 4.0 kcal mol Ϫ1 Å Ϫ4 with the van der Waals hard sphere radii set to 0.75 times those in the parameter set PARALLHSA supplied with X-PLOR (Brü nger, 1993). d EL-J is the Lennard-Jones van der Waals energy calculated with the CHARMM empirical energy function and is not included in the target function for simulated annealing calculation. The backbone is shown as a yellow ribbon. Secondary structure elements are labeled. This figure was generated using MOLSCRIPT (Kraulis, 1991) and rendered using Raster3D (Merritt and Bacon, 1997).
structures is 2.2 Ϯ 0.2 Å . The TBP molecular saddle C-terminal motif of TBP includes dTAF II 230 11-77 residues Phe-25, Leu-52, Leu-59, and Leu-64 in contact with TBP consists of two similar ␣/␤ structural motifs, related by approximate intramolecular 2-fold symmetry . As a result of the quasi-2-fold al., 1992), that correspond to two imperfect tandem repeats in the sequence (reviewed in Hernandez, 1993) .
symmetry of the TBP structure, the C-terminal half of the TBP concave surface contains two phenylalanines, In the ensemble of NMR-derived TBP-dTAF II 230 11-77 structures (Figure 3 ), the pairwise rms deviation for TBP in the N-terminal motif. dTAFII23011-77 residues is 0.67 Å for backbone atoms and 1.09 Å for heavy atoms (residues 61-239 superimposed). These values improve Leu-59 and Leu-62 contact Phe-190, while Glu-51 and Leu-52 contact Phe-207. to 0.51 Å and 1.05 Å when residues 64-144 of the N-terminal motif only are superimposed and to 0.44 Å The solution structure suggests that electrostatic interactions and hydrogen bonds play a role in determinand 0.95 Å when residues 155-236 of the C-terminal motif only are superimposed, indicating that the higher ing the orientation of dTAFII23011-77 relative to the TBP saddle. Although the degree of precision limits our ability rms deviation for the entire molecule originates from the poor definition of the relative positions of the two motifs.
to define with certainty these interactions, the structures obtained here do indicate several possibilities for interThis may reflect hinge motion between the two ␣/␤ motifs. This possibility is supported by the modest conformolecular electrostatic interactions and hydrogen bonds. Potential electrostatic interactions between TBP and mational changes that occur upon TBP binding to the TATA element in the TBP-TATA (Kim et al., 1993b) and dTAF II 230 11-77 involve the following pairs of residues: Arg-98 and Glu-31, Arg-105 and Asp-29, Lys-120 and Asp-TFIIB-TBP-TATA complexes (Nikolov et al., 1995) , involving a twisting motion of one TBP motif with respect 73, Lys-211 and Glu-51, and Lys-218 and Glu-70. The basic TBP residues in all of these pairs are involved in to the other (Kim and Burley, 1994) .
electrostatic interactions with the phosphate backbone of the TATA element (Arg-98 and T6Ј/T7Ј, Arg-105 and TBP-dTAFII230 Interface The protein-protein interface consists of the TBP con-T5Ј, Lys-211 and A1Ј/T2Ј, Lys-120 and A7, and Lys-218 and A6) in the TBP-TATAAAG complex (Kim et al., cave undersurface and the extensive hydrophobic patch on dTAF II 230 . The total surface area buried at the 1993b; Kim and Burley, 1994) . Lys-61 of dTAF II 230 11-77 may also interact with Glu-186 of TBP, which is located interface is 2950 Ϯ 140 Å 2 , similar to the value (about 3150 Å 2 ) reported for the interface between Arabidopsis at the C-terminal stirrup and does not contact DNA in the TBP-DNA complex. Possible hydrogen bonds inthaliana TBP and the adenovirus major late promoter TATA element (Kim and Burley, 1994 . Seventy percent of the surface area buried between TBP and dTAFII23011-77 is
The 2-fold symmetry of the TBP concave surface is disrupted at three positions: Lys-97, Arg-98, and Thrhydrophobic, close to the corresponding value of 74% for the TBP-TATA complex (Kim and Burley, 1994) .
112 in the N-terminal motif correspond to Glu-188, Leu-189, and Val-203 in the C-terminal motif (Figures 5A and The hydrophobic interface formed between dTAFII 23011-77 and the N-terminal motif of TBP includes many 5C). The C-terminal motif is consequently more hydrophobic than the N-terminal motif. The side chain hymethyl-containing and phenylalanine residues: the side chains of dTAF II 230 11-77 residues Ile-23, Ile-28, Leu-68, droxyl group of Thr-112 in the TBP N-terminal motif probably forms a hydrogen bond with the side chain and Val-71 contact numerous TBP residues, including Ile-103, Thr-112, 5A and 5B). Leu-18, Leu-20, Ile-72, and Leu-74 interact with two aromatic TBP residues, Phe-99 and Phe-116.
hydrophobic residues Phe-25, Leu-64, and Met-67. As mentioned above, Arg-98 in the N-terminal TBP stirThe interface formed between dTAF II 230 11-77 and the binding to TBP. Acidic residues are highlighted with a red box, basic residues with a blue box, and hydrophobic regions are yellow. Whereas Thr-112 is involved in a putative side chain-side chain hydrogen bond with Asp-29, the corresponding C-terminal TBP motif residue, Val-203, is involved in hydrophobic interactions with Phe-25, rup and Glu-186 in the C-terminal stirrup are involved
Correlation with Mutagenesis Studies
The structure of the TBP-dTAFII23011-77 complex is conin electrostatic interactions with Glu-31 and Lys-61 of dTAFII23011-77. Together, such asymmetric interactions sistent with previous mutagenesis studies on TAFII230 . Block-alanine-scanning mutagenposition dTAFII23011-77 in a single orientation with respect to the quasi-symmetric concave surface of TBP.
esis was used to mutate ten nonoverlapping blocks of amino acids in the N-terminal 80 residues of dTAF II 230. Since NMR and CD spectra both indicate that free dTAF II 230 11-77 is largely unfolded but that it adopts a Of the ten block mutants, those involving residues 19-28 and 67-71 showed dramatic effects on TBP binding. single folded conformation in complex with TBP, molecular recognition between TBP and dTAF II 230 11-77 can be These regions correspond to helices ␣1 and ␣3 and part of the ␤ hairpin, which are all crucial to the intimate described as a local folding process. The tight TBPdTAF II 230 11-77 interaction and extensive degree of indTAF II 230-TBP interaction. Deletion mutagenesis also indicated that Leu-20, Phe-25, and Glu-70 in dTAF II 230 duced folding suggest that the heat capacity change of folding in this case is large. Such induced folding is are important for TBP binding and inhibition of TBPpromoter interaction. These residues, located at either becoming a common theme in protein-DNA (Spolar and Record, 1994) , protein-RNA (Frankel and Smith, 1998) , end of helix ␣1 and at the C terminus of helix ␣3, are involved in interactions at the center of the TBP-TAFII and protein-protein molecular recognition events. Other examples of induced folding involving transcription fac-23011-77 interface. On the other hand, block mutation of residues 37-41 and 43-47 to alanines produced no tors are the NFATC1 DNA-binding domain upon complexation with DNA (Zhou et al., 1998) , the VP16 activasignificant effects on TBP binding by dTAFII230. These residues correspond to the long loop, which makes no tion domain upon binding to human TAF II 31 (Uesugi et al., 1997) , the phosphorylated kinase-inducible domain direct contact with TBP ( Figure 3) . Together with the fact that hTAF II 250 lacks eight residues in the region of CREB upon binding to the KIX domain of CBP (Radhakrishnan et al., 1997) , and possibly the p53 activation corresponding to this long loop ( Figure 1B) , the mutation and structural results suggest that the loop is unimpordomain upon binding to the MDM2 oncoprotein (Kussie et al., 1996) . tant for binding to TBP. . These figures were generated using GRASP (Nicholls, 1993) .
In mutagenesis studies on TBP (Nishikawa et al., 23011-77 and the TATA element have an extensive hydrophobic surface: in dTAF II 230 11-77 , numerous methyl-1997), the most dramatic effect was observed with the Leu-114-Lys mutation that abolished the TBP-dTAF II 230 containing residues, together with Phe-25 and Phe-48, cluster to form the hydrophobic patch (Figures 4 and interaction. The mutations Phe-99-Lys, Ile-103-Lys, Phe-116-Lys, and Val-122-Lys also showed significant 5B), and in the TATA element, nucleotide bases in the unwound minor groove form the DNA hydrophobic surbut slightly smaller effects on TBP binding to dTAF II 230. In the solution structure of the TBP-dTAF II 230 11-77 comface. The fraction of buried surface area that is hydrophobic is very similar in the TBP-dTAF II 230 11-77 and plex, these mutated TBP hydrophobic residues are located in a cluster around Leu-114 and pack against the TBP-TATA (Kim and Burley, 1994) complexes (70% versus 74%). Furthermore, the negatively charged side hydrophobic patch of dTAFII23011-77 (Figures 4 and 5B) . These TBP residues are also critical for TBP-DNA interchains of dTAFII23011-77 residues Asp-29, Glu-31, Glu-51, Glu-70, and Asp-73 mimic the positions of negatively action (Kim et al., 1993a (Kim et al., , 1993b . Mutation of Leu-114 to alanine, however, produced no significant effects on charged phosphate groups in the partially unwound minor groove of the TATA element ( Figures 6A and 6B ). TBP binding by dTAFII230 (J. Nishikawa and Y. N., unpublished results), presumably due to the small change As noted previously, potential electrostatic interactions at the TBP-dTAF II 230 11-77 interface involve the same TBP in side chain hydrophobicity. Phe-116 and Phe-207, which occupy homologous positions in the N-and lysines and arginines that make direct contact with the TATA element phosphate backbone in TBP-DNA com-C-terminal motifs of TBP, both contribute to hydrophobic interactions with DNA bases. The Phe-116-Lys mutaplexes (Kim et al., 1993a (Kim et al., , 1993b Kim and Burley, 1994 ). An important difference between the TATA element tion produced a greater effect on TBP-dTAF II 230 interaction than the Phe-207-Lys mutation (Nishikawa et al., is that the TATA element surface is highly symmetric, whereas the dTAF II 230 11-77 surface is 1997). This may reflect subtle differences in the Phe-116 and Phe-207 interactions with dTAFII23011-77.
asymmetric. This asymmetry results in closer matching of surface charge and hydrophobicity between dTAFII 23011-77 and TBP. The relevant interactions have been dTAFII230 Mimics the TATA Minor Groove Surface dTAFII23011-77 and the TATA element bind to the same described above (TBP-dTAFII23011-77 Interface) and are depicted in Figure 5C . The complementary asymmetry surface of TBP. How does the protein-protein interaction compare with the protein-DNA interaction? To our between the two polypeptide surfaces confers a specific relative orientation on the TBP-dTAF II 230 11-77 interaction. surprise, the dTAF II 230 surface that interacts with the TBP concave surface markedly resembles the DNA A macromolecular mimicry hypothesis has been put forward (Nyborg et al., 1996) based on the observation surface in the TBP-DNA complex (Kim and Burley, 1994) . The arch-shaped surface of dTAF II 230 11-77 is similar to that part of the Thermus aquaticus elongation factor EF-G structure mimics the tRNA structure in the ternary that of the partially unwound minor groove surface of the TATA element bound to TBP (Figure 6 ). Both dTAF II complex of EF-Tu-GTP and tRNA (Nissen et al., 1995).
The structure of the TBP-dTAFII23011-77 binary complex the predominantly hydrophobic nature of the TBPdTAFII23011-77 interface ( Figure 5) show that dTAFII23011-77 demonstrates transcription factor (dTAFII230) mimicry of a DNA surface (the exposed minor groove of the TATA hydrophobic residues play an important role in TBP interaction. In further support of the proposed structural element partially unwound by TBP) upon binding to a sequence-specific DNA-binding protein (TBP). The macsimilarity, mutation of TBP residue Leu-114, which interacts directly with the dTAF II 230 11-77 hydrophobic patch, romolecular mimicry observed in translation (Nyborg et al., 1996) and in transcription (this study) shows that abolishes interaction with both dTAF II 230 11-77 and the VP16 activation domain (Nishikawa et al., 1997) . In comprotein structures can mimic both RNA and DNA structures. A more localized molecular mimicry of proteinmon with dTAF II 230 11-77 , induced folding has been reported for several activation domains: VP16 activation nucleotide interaction in a protein-protein complex has been observed in the uracil-DNA glycosylase inhibitor domain induced by hTAFII31 (Uesugi et al., 1997) , CREB induced by coactivator CBP (Radhakrishnan et al., protein complex (Mol et al., 1995; Savva and Pearl, 1995) . 1997), and p53 activation domain induced by the p53 inhibitor MDM2 (Kussie et al., 1996) . These observations support the possibility that activators compete with Implications for Regulation of Transcription Direct inhibition of TBP interaction with the TATA eledTAFII230 subdomain I for TBP in part by mimicking the structure of dTAF II 230 11-77 . ment is an efficient way to shut down gene transcription. The extensive overlap between the TBP-dTAF II 230 protein-protein interface and the TBP-TATA proteinConclusions DNA interface implies that removal of dTAF II 230 11-77 from
The present study provides concrete evidence that the the TBP concave surface is required for TBP-TATA bind-N-terminal region of dTAF II 230 interacts directly with ing. Although the mechanism by which this removal is the concave undersurface of TBP and supports the preeffected remains to be determined, the ability of dTAF II viously suggested mechanism by which the N-terminal 230 subdomain I to dissociate prebound TBP from the region of dTAF II230 inhibits TATA box binding by TBP TATA box indicates that another Nishikawa et al., 1997) . While portion or portions of dTAF II230 or other regulatory facthe structural analyses of VP16 (Uesugi et al., 1997 ) and tor(s) are involved. Indeed, it has been proposed that CREB (Radhakrishnan et al., 1997) activation domains the C-terminal portion of dTAF II230 may be involved in demonstrate coil-to-helix induced folding processes control of the N-terminal inhibitory domain (Kokubo et upon binding to a partner protein, the present study al., 1994).
features a more complex induced folding process TBP has been identified as a target for numerous whereby dTAF II 230 11-77 adopts a fold consisting of three cellular and viral transcription activators (reviewed in ␣ helices and a ␤ hairpin upon binding to TBP. These Hernandez, 1993) . Although the exact mechanisms are elements combine to form an extensive hydrophobic not clear, VP16 activation domain binds functionally to surface that, together with a number of charged side the concave surface of TBP in vitro .
chains, closely matches the hydrophobicity and charge In support of the in vivo relevance of this interaction, distribution of the concave undersurface of TBP. As yeast genetic analyses revealed that various TBP mua result, dTAF II 230 11-77 mimics not only the extensive tants that cannot mediate activated transcription map hydrophobic surface seen in the minor groove surface to the concave surface (Arndt et al., 1995; Lee and Struhl, of the partially unwound TATA element bound to TBP, 1995). One of these TBP mutants (Leu-114-Lys) is unable but also several electrostatic interactions between TBP to bind VP16 and to mediate VP16-dependent activation and DNA phosphate groups. This molecular mimicry of both in vitro and in vivo (Lee and Struhl, a DNA surface, together with other examples including 1995). Importantly, the same TBP mutation eliminates protein mimicry of globular tRNA conformation (Nyborg TBP binding to subdomain I of dTAF II 230 (Nishikawa et et al., 1996) , indicates that protein structures are versaal., 1997). Consistent with these effects of the Leu-114-tile and can mimic nonpeptide surfaces. Further investiLys mutation, subdomain I and the VP16 activation dogation is required to understand how the TBP-dTAF II 230 main compete for binding to wild-type TBP (Nishikawa interaction is regulated to facilitate TBP binding to the et al., 1997). On the other hand, experiments with func-TATA box with consequent nucleation of transcription tionally homologous yTAF II145 demonstrated that subinitiation complex assembly. domain II and TFIIA bind competitively to the convex TBP upper surface . These results
Experimental Procedures
suggest that transcriptional regulation involves, in part, competition for TBP between the dTAFII230 N-terminal C/ 15 N-edited NOESY-HSQC spectra (Pascal et al., 1994) , with mixing times of 100 and firmed by electrospray ionization mass spectrometry.
DNA encoding Drosophila TAF II23011-77 was subcloned into pGEX-70 ms, using 13 C/ 15 N-labeled TBP complexed with unlabeled dTAF II 230 or vice versa. In addition, a 3-D simultaneous 13 C/ 15 N-2T (Pharmacia) for expression as a glutathione S-transferase (GST) fusion protein . The vector was transformed edited NOESY-HSQC with a 100 ms mixing time using a 13 C/ 15 Nlabeled dTAF II 230 11-77 sample with 60% deuteration was useful to into BL21(DE3) (Novagen). Cells were grown at 37ЊC and induced with 0.5 mM IPTG for 3 hr. The GST-dTAF II23011-77 fusion protein confirm the NOE assignments obtained using the 13 C/ 15 N doublelabeled sample, especially for backbone NH-aliphatic NOEs. Interwas purified with glutathione sepharose using a standard protocol (Pharmacia). dTAF II23011-77 was cleaved from GST by resuspending molecular distance constraints were identified in 3-D
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N/ 13 C-separated, 13 C-filtered NOESY spectra Zwahlen et al., the resin in 50 mM Tris-HCl (pH 8.4), 150 mM KCl, 2.5 mM CaCl2 and reacting with thrombin at room temperature for 1-4 hr with 1997) using a 15 N/ 13 C-labeled sample of TBP complexed with unlabeled dTAF II23011-77 and using a 15 N/ 13 C-labeled dTAFII23011-77 sample mixing. dTAFII23011-77 was further purified by FPLC using a mono-Q column (Pharmacia) to remove thrombin and any other impurities.
with 60% deuteration complexed with unlabeled TBP. Mixing times of 100 ms and 70 ms were used for dTAF II23011-77 and TBP. All NOEs were grouped into three distance ranges: 1.8-2.9 Å , Preparation of Isotope-Labeled Proteins 1.8-3.5 Å , and 1. were obtained from HNHA (Vuister and Bax, 1993) and HMQC-J (Kay and Bax, 1990 ) spectra and from chemical shift indices Isolation of TBP-dTAFII23011-77 Complex (Wishart and Sykes, 1994) . For residues with 3 JHNH␣ Ͻ 5 Hz, φ was The TBP-dTAF II23011-77 complex was formed by mixing purified prorestrained to Ϫ50Њ Ϯ 40Њ, and for residues with 3 JHNH␣ Ͼ 7 Hz, φ tein solutions at low TBP concentration (Ͻ0.2 mg/ml) in the presence was restrained to Ϫ120Њ Ϯ 40Њ. dihedral angle constraints were of 0.3-0.5 M KCl. Unlabeled protein was always kept in excess. The included only for those residues within regular secondary structure mixed solution was dialyzed overnight at 4ЊC with buffer containing elements (Ϫ50Њ Ϯ 50Њ for residues in a helix and 130Њ Ϯ 50Њ for 20 mM HEPES (pH 7.5), 10% glycerol, 0.5 mM PMSF. The dialyzed residues in a strand). The 13 C␣ and 13 C␤ chemical shifts were used solution was applied to a mono-S column (Pharmacia), and the to confirm the secondary structure determination but were not used dTAF II 230 11-77 -TBP complex was eluted using a salt gradient. The for direct structure refinement. complex, now separated from free TBP and free dTAF II23011-77, was The structures were calculated using a simulated annealing protoconcentrated further using Centricon-10 (Amicon) for NMR studies.
col (Nilges et al., 1991) using the program X-PLOR (Brü nger, 1993). The final structures were generated based on a total of 4242 in-NMR Spectroscopy terproton distance restraints. A total of 60 simulated annealing struc-NMR samples of TBP-dTAF II23011-77 comprised one isotope-labeled tures were calculated, and 46 structures were found with no NOE protein and one unlabeled protein with a protein concentration in violations greater than 0.5 Å and no dihedral violation greater than the range of 0.7-1.2 mM. Samples were prepared in either 95% H 2O/ 5Њ. These structures were subjected to further refinement, and 42 5% D 2 O or 99.9% D 2 O. The NMR sample buffer, optimized for protein final refined structures were obtained. Structural statistics are prestability and solubility using the microdialysis button test (Bagby et sented in Table 1 . al., 1997), comprised 20 mM sodium phosphate (pH 7.0), 5% (v/v) perdeuterated glycerol, 250 mM sodium sulfate, 5 mM MgCl2, 10 mM perdeuterated 1,4-dithiothreitol, 0.5 mM 4-(2-aminoethyl)-benAcknowledgments zynsulfonyl fluoride hydrochloride, and 0.05 mM sodium azide. Sample buffers were purged with nitrogen before use.
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